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Abstract	
MiRNAs can provide useful biomarkers of tissue function. The present study aimed to determine in bovine follicles (n=66, diameter=4-22 mm) the relationship among several indices of steroidogenesis and the levels of 15 miRNAs previously identified to be associated with follicle development. Estradiol levels, Estradiol:Progesterone ratio (E:P)  and CYP19A1 expression were strongly correlated to each other (ρ>0.8) and to LHCGR expression (ρ≥0.6; P<0.01).  Levels of 9 different miRNAs in follicular wall were correlated (P<0.01) with Estradiol, E:P and CYP19A1, with miR-873 showing the strongest correlation in each case (ρ>0.7).  Analyses of follicular fluid miRNAs identified miR-202 as correlated with Estradiol, E:P and CYP19A1 (ρ>0.5; P<0.01).  We found that, when considering all follicle endpoints together, using a cut-off value of E:P=1 overestimated the number of estrogen-inactive follicles, whereas using CYP19A1 as classifier provided a clearer separation of follicle samples based on estrogen activity, in agreement with E:P, LHCGR, miR-873 and miR-202.  In conclusion, we identified miR-873 and miR-202 as miRNAs which levels in follicular tissues can be used as indicator of steroidogenic capacity in bovine. We show that these or other gene expression parameters, in addition or alternatively to E:P, should be used to accurately classify follicles based on steroidogenic capacity.  



1.	Introduction
The development of a follicular wave in monovular species, including cattle, involves the selection of one (occasionally two or three) dominant follicle(s) simultaneous with the demise of all other (subordinate) follicles in the cohort ().  A key feature of follicle selection is the upregulation of aromatase (CYP19A1) and the LH receptor (LHCGR) together with a sharp and distinct increase in the production of estradiol by the dominant follicle, changes which are essential for follicular maturation and an eventual ovulatory LH surge. Dominant follicles developing in the presence of high progesterone levels during the luteal phase of the estrous cycle will fail to ovulate but will instead undergo atresia with a rapid decrease in the production of estradiol, but not progesterone, and LH-binding capacity.  Thus, differences in the relative levels of estradiol and progesterone in follicular fluid provide an indication of steroidogenic capacity when reproductive status is unknown, e.g. in follicles sourced from abattoir ovaries, with estrogen-producing (estrogen-active) follicles typically being defined as having a ratio of estradiol-to-progesterone (E:P)>1 ().  Although widely used, two limitations of the E:P ratio as a functional marker are 1) the inherent analytical variability between different steroid immunoassay platforms and 2) the use in some studies of different units for estradiol and progesterone to calculate this ratio. These can lead to significant variability in the criteria used to identify estrogen-active follicles between studies.  An additional limitation is that steroid immunoassays are not always available in-house requiring the use of relatively expensive commercial kits. Therefore, finding alternative biomarkers of follicle status would be of benefit.
MicroRNAs (miRNAs) are small RNAs that are ubiquitously involved in post-transcriptional control of gene expression. Different regulatory roles of miRNAs in the ovarian follicle have been proposed (), including steroid production  ADDIN EN.CITE (; ); in turn, steroidal hormones have been shown to actively regulate miRNA biogenesis (). Through microarray profiling in cattle we recently identified and characterized a specific subset of miRNAs which were differentially expressed during follicle development in association with changes in CYP19A1 expression (). We and others have also characterized miRNA populations in follicular fluid and suggested, at least for some miRNAs, an association between follicular cell and follicular fluid levels  ADDIN EN.CITE (; ; ). These findings highlight the potential of using miRNA levels as a convenient indicator of follicle function.  To test this, we determined the correlation among several established indices of steroidogenesis (including E:P ratio, expression of CYP19A1 and LHCGR) and the levels of 15 miRNAs which expression we previously showed to actively change during follicle development in bovine ().

2.	Materials & Methods
2.1.	Collection and Processing of Bovine Tissues
Follicles from ovaries of cycling beef cattle obtained at an abattoir were collected as part of a separate study (). Individual follicles 4-22 mm in diameter were dissected out and the follicular fluid aspirated and centrifuged at 800g for 10 minutes. The resulting supernatant was stored at –80C until further analyses and the cell pellet was combined with the follicular wall free of surrounding stroma and snap-frozen in liquid nitrogen until RNA extraction.  Intra-follicular concentrations of estradiol and progesterone were measured using competitive double antibody radioimmunoassay kits (Siemens Healthcare Diagnostics Inc., USA) following manufacturer’s instructions. All assays were validated in our laboratory by showing parallelism between serial sample dilutions and the provided assay standard curve. Sensitivity of the assays was 0.56 ng/ml and 0.01ng/ml, and the intra-assay CVs were 6% and 4.3% for estradiol and progesterone, respectively. 
2.2.	RT-qPCR
Total RNA from snap-frozen bovine tissues or from follicular fluid (250 µl; pre-spiked with 5 fmol of synthetic cel-miR-39-3p) was extracted using the miRNeasy Mini kit (Qiagen, UK) and reverse-transcribed using the miScript II RT kit (Qiagen), as described ().  QPCR for miRNA quantification was performed using the SensiFASTTM SYBR Lo-ROX Kit (Bioline Reagents Ltd, UK) and bovine-specific primers against CYP19A1 (CGCAAAGCCTTAGAGGATGA, ACCATGGTGATGTACTTTCC), LHCGR (GGACTCTAGCCCGTAGG, ACACATAACCACCATACCAAG) and 18S (GCTGGCACCAGACTTG, GGGGAATCAGGGTTCG). For miRNA quantification the miScript SYBR Green PCR kit and miScript Primer Assays (Qiagen) were used. All PCRs were run on a MX3005P QPCR system (Stratagene, CA, USA) using a standard curve to calculate copy numbers from Cq values ().   Messenger RNA data were normalized using 18S values within each sample and miRNA data were normalized using endogenous RnU6-2 or, in the case of follicular fluid, spiked-in cel-miR-39-3p values. 
2.3.	 Granulosa cell culture
Granulosa cells were obtained by dissecting out follicles (4-10 mm) from abattoir ovaries into hemispheres and gently scraping the follicle wall by blunt-ended forceps to release mural cells. Cells from several follicles were pooled and passed through a filter mesh (70 µm, Fisher Scientific, UK) to separate out cumulus-oocyte-complexes. After washing with fresh McCoy’s 5a medium, red Blood Cell lysis buffer (8.3 gm/l NH4Cl in 0.01 M Tris-HCl buffer pH= 7.5) was added to the cells followed by a further wash. Cells were placed in modified McCoy’s 5a medium consisting of 0.02M HEPES, 3mM L-Glutamine, 0.1% BSA, 1% Pen-Strep, and AITS (androstenedione 100 nM, 10ng/ml bovine insulin, 2.5mg/l transferrin and 4µg/l sodium selenite) supplemented with 1 ng/ml of ovine follicle stimulating hormone (NHPP, USA), and cultured in 96-well plates (0.1 x 106 per well; Nuclon, Nunc, Denmark) at 37°C with 5% CO2 ()  Twenty-four hours later, cells were transfected with LNA bta-miR-202 inhibitor (5 and 25 nM, Exiqon, Denmark) or with a scrambled oligonucleotide sequence (5 nM) using HiPerFect (Qiagen, UK) as per the manufacturer’s instructions.  Cells were harvested for RNA isolation and culture media was collected every 24h for up to 4 days after transfection.
2.4.		 Statistical analyses 
Dixon’s Outlier test was applied to both qPCR and immunoassay data sets, and outlier values (P < 0.01) were excluded from subsequent analyses. Spearman’s rank correlation test was used to determine the relationship between different follicular endpoints. Correlations were considered at P<0.01. One-way or two-way ANOVA followed by Dunnett’s test (P<0.05) were used to analyze miRNA stability and cell culture data.  All data were log-transformed prior to statistical analysis.
3.	Results
Steroid and gene expression data from a total of 66 follicles (Figure 1; Supplemental Table 1) were used for analyses.  Results of correlation analyses involving different follicular endpoints are shown in Table 1.  Estradiol, E:P ratio and CYP19A1 were strongly correlated among them (ρ>0.8), and each was correlated (ρ≥0.6) with LHCGR expression. A modest negative correlation with each of E:P ratio, CYP19A1 and LHCGR were found for progesterone levels.
MiRNAs chosen for analyses (Table 1) were those previously found to be associated with dominant-size follicles that expressed low CYP19A1 (miR-125b, miR-130a, miR-145, miR-150, miR-21, miR-378, miR-409a and miR-483) or high CYP19A1 (miR-144, miR-202, miR-210, miR-31, miR-451, miR-652 and miR-873).  Follicular wall expression of all but miR-483 in the first category showed a negative but moderate correlation with each of Estradiol, E:P ratio, CYP19A1 and LHCGR, and a positive correlation with progesterone levels.  Among miRNAs previously found to be associated with high CYP19A1 expression, miR-202 and, especially, miR-873 (ρ=0.6 to 0.8) were positively correlated with Estradiol, E:P ratio, CYP19A1 and LHCGR, whereas miR-210 was weakly correlated with CYP19A1 only. 
Before examining correlations involving follicular fluid miRNAs, the stability of miRNAs in bovine follicular fluid samples was determined by qPCR (Figure 2).  This was done to establish optimal conditions for sample processing by determining whether incubation time and repeated freezing would have any effect on miRNA levels.   Levels of 3 selected miRNAs (miR-125b, miR-145 and miR-21) were quantified after incubation of samples at room temperature for different periods and after several freeze-thaw cycles. Results showed a negative effect of incubation time, but not freeze-thaw cycle, on miRNA levels, with levels of miR-125b and miR-145 decreasing after 1h incubation of follicular fluid at room temperature.  MiRNAs which levels in follicular wall displayed ρ≥0.5 with both E:P ratio and CYP19A1, namely miR-130a, miR-150, miR-21, miR-202 and miR-873, were then quantified in follicular fluid (available from a total of 38 samples) and their correlation coefficients were determined.  MiR-202 was correlated (ρ=0.5 to 0.7) with each of Estradiol, E:P ratio, CYP19A1 and LHCGR whereas none of the other 4 miRNAs was correlated with any endpoints.
We also wanted to determine the agreement among follicle sample groupings (estrogen-active and -inactive) generated by different classifiers, namely, E:P ratio, CYP19A1, LHCGR, miR-873 and miR-202.  Using a E:P=1 threshold to separate follicle populations (Figure 3A) yielded a substantial overlap of estrogen-active and -inactive populations based on individual sample values for CYP19A, LHCGR, miR-873 and miR-202 with, unexpectedly, some estrogen-inactive follicles having higher values for these variables than all estrogen-active follicles.  Upon examining the distribution of CYP19A1 values alone, it was clear that, among all variables, this seemed to best separate follicle samples into two distinct populations. The boundary between these two populations was defined as the highest fold-change between two consecutive CYP19A1 expression values (Figure 3B). When simultaneously considering other endpoints, particularly LHCGR, miR-873 and follicular fluid miR-202, classification of samples based on CYP19A1 resulted in better defined follicle populations than using E:P=1 as a classifier (Figure 3A), highlighting the potential of using these gene expression endpoints for experimental assessment of the steroidogenic capacity of bovine follicles.
Finally, we sought to investigate the biological implications of the observed temporal relationships between estradiol and miRNA levels by examining the effects of miRNA inhibition on estradiol production by bovine follicular cells in culture. We initially wished to examine miR-202 and miR-873, both of which are expressed predominantly in the granulosa cell compartment of bovine follicles. (). However, as reported in a previous study (), the expression of miR-873 in follicular cells decreased very quickly upon culture, which prevented subsequent functional analyses of this miRNA. Thus, we focused our analyses on miR-202, a miRNA for which a temporal association with estradiol was reported in embryonic chicken gonads ().  We transfected granulosa cells with different concentrations of LNA inhibitor and found that 5 nM of LNA reduced miR-202 to almost undetectable levels within 24h (Figure 4A).  The absence of miR-202, however, did not induce significant changes in the expression of CYP19A1 or the levels of estradiol when measured for up to 4 days after cell transfection (Figure 4B, C).  
4.	Discussion
Although immunoassay determination of E:P ratio in follicular fluid has been used traditionally to determine the steroidogenic capacity and health status of follicles, PCR analyses may provide a more convenient and cost-effective approach which can in addition be easily multiplexed to quantify several genes at the same time.  To address this, in this study we determined, in a large population of bovine follicles representing a wide range of antral developmental stages (4-22 mm diameter range), the relationship among E:P ratio and the levels of CYP19A1, LHCGR and a total of 15 miRNAs which we identified in a previous study to be differentially expressed during follicle growth in cattle (), with the aim of identifying novel miRNA biomarkers of follicular function.  
Our finding of very strong correlations among E:P, CYP19A1 and LHCGR is consistent with a robust increase in both estrogen-producing capacity and LHCGR expression in growing dominant follicles and a sharp decrease in both parameters during follicle atresia (; ).  Although most of the miRNAs analyzed in follicular wall were correlated with several indices of steroidogenesis and LHCGR, a strong correlation (ρ≥0.7) with Estradiol, E:P and CYP19A1 was only found for miR-873.  This is a mammalian-specific miRNA which we previously showed to be ubiquitously expressed in bovine tissues and to sharply increase in expression in estrogen-producing >8 mm follicles, mainly in mural granulosa cells (). Although there is little functional data on miR-873, this miRNA has been suggested to stimulate production of inflammatory cytokines (), prevent macrophage apoptosis () and regulate tissue development by targeting the sonic hedgehog pathway (), any of which effects could putatively result from the increase in miR-873 expression in dominant-size follicles.  Interestingly, another study found miR-873 to have an inhibitory effect on estrogen receptor transcriptional activity and cell growth by targeting CDK3 in breast cancer cells (). Notwithstanding the actual involvement, if any, of miR-873 in follicle development, the present results identify this miRNA as a novel marker of steroidogenically active follicles in cattle.
An ideal follicular biomarker should be measurable in follicular fluid. Follicular fluid levels of miR-202, a gonad-specific miRNA (), but not the other miRNAs analyzed, were correlated with estrogen-production indices and LHCGR expression.   A lack of correlation of follicular fluid miR-873 levels was unexpected given the high correlation between miR-873 levels in follicular wall and all three estrogen-production indices (ρ≥0.7). The reason for this may have been the low abundance of miR-873 relative to other miRNAs analyzed particularly in follicular fluid where mean Ct values for miR-202 and miR-873 were 25 and 34, respectively.  In contrast, the absence of a correlation between miR-130a, miR-150 and miR-21 and any index of steroidogenesis or LHCGR cannot be explained by a low abundance of these miRNAs in follicular fluid.  Unlike miR-202, these three miRNAs are associated with atretic follicles (). Although miRNAs are reportedly secreted by follicular cells, and levels in follicular cells and follicular fluid can be correlated  ADDIN EN.CITE (; ), whether miRNA secretion varies in relation to follicular status or with follicular cell of origin has not been determined.  Indeed, the rate of secretion of miRNAs into follicular fluid or the stability of such miRNAs may differ between estrogen-active and –inactive follicles. Likewise, miRNAs can be preferentially expressed in either granulosa or theca cells () which may influence the rate at which they gain access to the follicular fluid compartment. These are all important considerations that should be addressed in future studies.  
Given that a relationship between estradiol and miR-202 levels has already been reported in other species () and that miR-202 expression is readily maintained in cultured granulosa cells (), we examined whether the relationships observed in bovine follicles may reflect a role of miR-202 in estradiol production. Our results after inhibition of miRNA levels in bovine granulosa cells does not support such a role for miR-202, at least in the absence of downregulation of other miRNAs. Sexually dimorphic expression of miR-202 occurs during gonadal development in both chicken and mouse, with predominant expression of the miRNA in testis  ADDIN EN.CITE (; ).  Moreover, in the early chick embryo estradiol can reportedly prevent miR-202 expression during gonadal masculinization (), an observation that is not consistent with the positive correlation between miR-202 and estradiol levels in bovine follicles in our study.  Aside from the studies above, very little information is available on the involvement of miR-202 in non-transformed cells. Clearly, the involvement of miR-202, if any, in the adult gonad could be different from that reported in the embryo. 
In summary, we identified two miRNAs, miR-873 and miR-202, which levels in follicular tissues could be used as indicators of steroidogenic capacity in bovine. We show that, in our follicular fluid sample population, using a threshold value of E:P=1 does not effectively classify follicles into distinct estrogen-active and –inactive populations based on other known indicators of steroidogenesis, namely CYP19A1 and LHCGR. We propose that expression analyses of one or several of CYP19A1, LHCGR and miR-873 in follicular wall and/or miR-202 in follicular fluid could be reliably used in combination or alternatively to E:P ratio to separate follicles based on their steroidogenic capacity.  Future studies should elucidate the implications of these findings in terms of follicle health.

5.	Acknowledgements
This work was supported by a Commonwealth PhD scholarship (SDS) and by the Biotechnology and Biological Sciences Research Council, UK.

6.	Literature cited
Bannister, S.C., Smith, C.A., Roeszler, K.N., Doran, T.J., Sinclair, A.H., and Tizard, M.L.V. (2011) Manipulation of Estrogen Synthesis Alters MIR202* Expression in Embryonic Chicken Gonads. Biology of Reproduction 85(1), 22-30Bao, B., and Garverick, H.A. (1998) Expression of steroidogenic enzyme and gonadotropin receptor genes in bovine follicles during ovarian follicular waves: a review. J. Anim Sci. 76(7), 1903-1921Beg, M.A., and Ginther, O.J. (2006) Follicle selection in cattle and horses: role of intrafollicular factors. Reproduction 132(3), 365-377Cochrane, D.R., Cittelly, D.M., and Richer, J.K. (2011) Steroid receptors and microRNAs: relationships revealed. Steroids 76(1-2), 1-10Cui, J., Bi, M., Overstreet, A.M., Yang, Y., Li, H., Leng, Y., Qian, K., Huang, Q., Zhang, C., Lu, Z., Chen, J., Sun, T., Wu, R., Sun, Y., Song, H., Wei, X., Jing, P., Meredith, A., Yang, X., and Zhang, C. (2014) MiR-873 regulates ER[alpha] transcriptional activity and tamoxifen resistance via targeting CDK3 in breast cancer cells. Oncogeneda Silveira, J.C., Veeramachaneni, D.N., Winger, Q.A., Carnevale, E.M., and Bouma, G.J. (2012) Cell-secreted vesicles in equine ovarian follicular fluid contain miRNAs and proteins: a possible new form of cell communication within the ovarian follicle. Biol Reprod 86(3), 71Donadeu, F.X., Schauer, S.N., and Sontakke, S.D. (2012) Involvement of miRNAs in ovarian follicular and luteal development. J Endocrinol 215(3), 323-34Ginther, O.J., Beg, M.A., Donadeu, F.X., and Bergfelt, D.R. (2003) Mechanism of follicle deviation in monovular farm species. Animal Reproduction Science 78(3-4), 239-257Ireland, J.J., Mihm, M., Austin, E., Diskin, M.G., and Roche, J.F. (2000) Historical Perspective of Turnover of Dominant Follicles During the Bovine Estrous Cycle: Key Concepts, Studies, Advancements, and Terms. Journal of Dairy Science 83(7), 1648-1658Koufaris, C., Papagregoriou, G., Kousoulidou, L., Moutafi, M., Tauber, M., Jouret, B., Kieffer, I., Deltas, C., Tanteles, G.A., Anastasiadou, V., Patsalis, P.C., and Sismani, C. (2015) Haploinsufficiency of the miR-873/miR-876 microRNA cluster is associated with craniofacial abnormalities. Gene 561(1), 95-100Li, M.-C., Yu, J.-H., Yu, S.-S., Chi, Y.-Y., and Xiang, Y.-B. (2015) MicroRNA-873 Inhibits Morphine-Induced Macrophage Apoptosis by Elevating A20 Expression. Pain Medicine, n/a-n/aLiu, X., He, F., Pang, R., Zhao, D., Qiu, W., Shan, K., Zhang, J., Lu, Y., Li, Y., and Wang, Y. (2014) Interleukin-17 (IL-17)-induced MicroRNA 873 (miR-873) Contributes to the Pathogenesis of Experimental Autoimmune Encephalomyelitis by Targeting A20 Ubiquitin-editing Enzyme. Journal of Biological Chemistry 289(42), 28971-28986Schauer, S.N., Sontakke, S.D., Watson, E.D., Esteves, C.L., and Donadeu, F.X. (2013) Involvement of miRNAs in equine follicle development. Reproduction 146(3), 273-282Sirotkin, A.V., Lauková, M., Ovcharenko, D., Brenaut, P., and Mlynček, M. (2010) Identification of MicroRNAs controlling human ovarian cell proliferation and apoptosis. Journal of Cellular Physiology 223(1), 49-56Sohel, M.M.H., Hoelker, M., Noferesti, S.S., Salilew-Wondim, D., Tholen, E., Looft, C., Rings, F., Uddin, M.J., Spencer, T.E., Schellander, K., and Tesfaye, D. (2013) Exosomal and Non-Exosomal Transport of Extra-Cellular microRNAs in Follicular Fluid: Implications for Bovine Oocyte Developmental Competence. PLoS ONE 8(11), e78505Sontakke, S.D., Mohammed, B.T., McNeilly, A.S., and Donadeu, F.X. (2014) Characterization of microRNAs differentially expressed during bovine follicle development. Reproduction 148(3), 271-283Wainwright, E.N., Jorgensen, J.S., Kim, Y., Truong, V., Bagheri-Fam, S., Davidson, T., Svingen, T., Fernandez-Valverde, S.L., McClelland, K.S., Taft, R.J., Harley, V.R., Koopman, P., and Wilhelm, D. (2013) SOX9 regulates microRNA miR-202-5p/3p expression during mouse testis differentiation. Biol Reprod 89(2), 34Xu, S., Linher-Melville, K., Yang, B.B., Wu, D., and Li, J. (2011) Micro-RNA378 (miR-378) Regulates Ovarian Estradiol Production by Targeting Aromatase. Endocrinology 152(10), 3941-3951

Bao, B., and Garverick, H.A. (1998) Expression of steroidogenic enzyme and gonadotropin receptor genes in bovine follicles during ovarian follicular waves: a review. J. Anim Sci. 76(7), 1903-1921

Beg, M.A., and Ginther, O.J. (2006) Follicle selection in cattle and horses: role of intrafollicular factors. Reproduction 132(3), 365-377

Cochrane, D.R., Cittelly, D.M., and Richer, J.K. (2011) Steroid receptors and microRNAs: relationships revealed. Steroids 76(1-2), 1-10

Cui, J., Bi, M., Overstreet, A.M., Yang, Y., Li, H., Leng, Y., Qian, K., Huang, Q., Zhang, C., Lu, Z., Chen, J., Sun, T., Wu, R., Sun, Y., Song, H., Wei, X., Jing, P., Meredith, A., Yang, X., and Zhang, C. (2014) MiR-873 regulates ER[alpha] transcriptional activity and tamoxifen resistance via targeting CDK3 in breast cancer cells. Oncogene

da Silveira, J.C., Veeramachaneni, D.N., Winger, Q.A., Carnevale, E.M., and Bouma, G.J. (2012) Cell-secreted vesicles in equine ovarian follicular fluid contain miRNAs and proteins: a possible new form of cell communication within the ovarian follicle. Biol Reprod 86(3), 71

Donadeu, F.X., Schauer, S.N., and Sontakke, S.D. (2012) Involvement of miRNAs in ovarian follicular and luteal development. J Endocrinol 215(3), 323-34

Ginther, O.J., Beg, M.A., Donadeu, F.X., and Bergfelt, D.R. (2003) Mechanism of follicle deviation in monovular farm species. Animal Reproduction Science 78(3-4), 239-257

Ireland, J.J., Mihm, M., Austin, E., Diskin, M.G., and Roche, J.F. (2000) Historical Perspective of Turnover of Dominant Follicles During the Bovine Estrous Cycle: Key Concepts, Studies, Advancements, and Terms. Journal of Dairy Science 83(7), 1648-1658

Koufaris, C., Papagregoriou, G., Kousoulidou, L., Moutafi, M., Tauber, M., Jouret, B., Kieffer, I., Deltas, C., Tanteles, G.A., Anastasiadou, V., Patsalis, P.C., and Sismani, C. (2015) Haploinsufficiency of the miR-873/miR-876 microRNA cluster is associated with craniofacial abnormalities. Gene 561(1), 95-100

Li, M.-C., Yu, J.-H., Yu, S.-S., Chi, Y.-Y., and Xiang, Y.-B. (2015) MicroRNA-873 Inhibits Morphine-Induced Macrophage Apoptosis by Elevating A20 Expression. Pain Medicine, n/a-n/a

Liu, X., He, F., Pang, R., Zhao, D., Qiu, W., Shan, K., Zhang, J., Lu, Y., Li, Y., and Wang, Y. (2014) Interleukin-17 (IL-17)-induced MicroRNA 873 (miR-873) Contributes to the Pathogenesis of Experimental Autoimmune Encephalomyelitis by Targeting A20 Ubiquitin-editing Enzyme. Journal of Biological Chemistry 289(42), 28971-28986

Schauer, S.N., Sontakke, S.D., Watson, E.D., Esteves, C.L., and Donadeu, F.X. (2013) Involvement of miRNAs in equine follicle development. Reproduction 146(3), 273-282

Sirotkin, A.V., Lauková, M., Ovcharenko, D., Brenaut, P., and Mlynček, M. (2010) Identification of MicroRNAs controlling human ovarian cell proliferation and apoptosis. Journal of Cellular Physiology 223(1), 49-56

Sohel, M.M.H., Hoelker, M., Noferesti, S.S., Salilew-Wondim, D., Tholen, E., Looft, C., Rings, F., Uddin, M.J., Spencer, T.E., Schellander, K., and Tesfaye, D. (2013) Exosomal and Non-Exosomal Transport of Extra-Cellular microRNAs in Follicular Fluid: Implications for Bovine Oocyte Developmental Competence. PLoS ONE 8(11), e78505

Sontakke, S.D., Mohammed, B.T., McNeilly, A.S., and Donadeu, F.X. (2014) Characterization of microRNAs differentially expressed during bovine follicle development. Reproduction 148(3), 271-283

Wainwright, E.N., Jorgensen, J.S., Kim, Y., Truong, V., Bagheri-Fam, S., Davidson, T., Svingen, T., Fernandez-Valverde, S.L., McClelland, K.S., Taft, R.J., Harley, V.R., Koopman, P., and Wilhelm, D. (2013) SOX9 regulates microRNA miR-202-5p/3p expression during mouse testis differentiation. Biol Reprod 89(2), 34

Xu, S., Linher-Melville, K., Yang, B.B., Wu, D., and Li, J. (2011) Micro-RNA378 (miR-378) Regulates Ovarian Estradiol Production by Targeting Aromatase. Endocrinology 152(10), 3941-3951

 Figure legends
Figure 1. Histogram of the bovine follicle population (n=66) used in this study. 
Figure 2. Changes (Mean ± SE) in levels of miRNAs in pools of bovine follicular fluid (n=3) following incubation for different periods at room temperature (A) or after different freeze-thaw cycles (B).  Levels of each miRNA were normalized to spiked-in cel-miR-39-3p.  Expression levels are shown as fold-change relative to baseline values before incubation or before freezing, respectively (represented by horizontal dotted lines). Mean differences from baseline are indicated by * (P<0.05) or ** (P<0.01). 
Figure 3. Distribution of values (log2-transformed) for different endpoints in bovine follicular samples.  Follicles were classified as Estrogen-active and –inactive according to A) E:P ratio and B) CYP19A1 levels. FF indicates miRNA values quantified in follicular fluid rather than in follicular wall
Figure 4. Mean (± SE) levels of miR-202 (A) and CYP19A1 (B) in cells (normalized to RnU6-2 or 18S, respectively), and Estradiol in culture media (C) after bovine granulosa cells were transfected with LNA miR-202 or scrambled oligonucleotide sequences. There was a main effect of Treatment (P<0.0001) for miR-202 (A). 










Table 1. Spearman's correlation coefficient (P<0.01) for different  endpoints in bovine follicles (n=66, 4-22 mm in diameter)
Endpoint	Diameter(mm)	Estradiol(ng/ml)	Progesterone(ng/ml)	E:P	CYP19A1	LHCGR
Diameter (mm)	1.00	0.48		0.50	0.47	
Estradiol (ng/ml)	0.48	1.00		0.97	0.83	0.60
Progesterone (ng/ml)			1.00	-0.44	-0.39	-0.42
E:P	0.50	0.97	-0.44	1.00	0.85	0.65
CYP19A1	0.47	0.83	-0.39	0.85	1.00	0.71
LHCGR		0.60	-0.42	0.65	0.71	1.00
miR-125b		-0.45	0.53	-0.51	-0.49	-0.41
miR-130a		-0.53	0.47	-0.57	-0.56	-0.36
miR-145		-0.38	0.55	-0.43	-0.44	-0.41
miR-150		-0.47	0.53	-0.54	-0.50	-0.39
miR-21		-0.44	0.57	-0.52	-0.55	-0.52
miR-378		-0.36	0.41	-0.42	-0.33	
miR-409a	 	-0.48	0.61	-0.57	-0.44	-0.42
miR-483						
miR-144	0.46					
miR-202	0.61	0.54		0.55	0.52	0.52
miR-210	0.50				0.34	
miR-31						
miR-451	0.58					
miR-652	0.67					
miR-873	0.50	0.70	-0.39	0.73	0.78	0.59
FF miR-130a						
FF miR-150						
FF miR-21						
FF miR-202		0.53		0.58	0.65	0.67
FF miR-873						
Gene expression measurements were done in whole follicle wall or, for the five miRNAs at the bottom, in follicular fluid (indicated by FF)
Coefficient values > 0.7 are shown in bold
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